DNA and peptide nucleic acid (PNA) molecular beacons were successfully used to detect rRNA in solution. In addition, PNA molecular beacon hybridizations were found to be useful for the quantification of rRNA: hybridization signals increased in a linear fashion with the 16S rRNA concentrations used in this experiment (between 0.39 and 25 nM) in the presence of 50 nM PNA MB. DNA and PNA molecular beacons were successfully used to detect whole cells in fluorescence in situ hybridization (FISH) experiments without a wash step. The FISH results with the PNA molecular beacons were superior to those with the DNA molecular beacons: the hybridization kinetics were much faster, the signal-to-noise ratio was much higher, and the specificity was much better for the PNA molecular beacons. Finally, it was demonstrated that the combination of the use of PNA molecular beacons in FISH and flow cytometry makes it possible to rapidly collect quantitative FISH data. Thus, PNA molecular beacons might provide a solution for limitations of traditional FISH methods, such as variable target site accessibility, poor sensitivity for target cells with low rRNA content, background fluorescence, and applications of FISH in microfluidic devices.
Rapid monitoring of changes in microbial population abundance is important in several fields of microbiology. To this end, rRNA molecules have been used widely as target molecules for nucleic acid-based monitoring techniques. In particular, rRNA-targeted hybridization assays have been very useful for quantifying population levels (23, 30) . Most hybridization assays rely on the immobilization of target nucleic acids, intact cells, or probes on membranes or other solid support materials, require the removal of unbound probe or target (through one or several wash steps) before hybridization signals can be detected, and use oligonucleotide probes labeled with radioactive isotopes, enzymes, or fluorescent dyes. The use of fluorescently labeled oligonucleotide probes to detect and quantify whole cells by using fluorescence in situ hybridization (FISH) (2, 5) has been particularly popular during the last decade. Despite the success of FISH in many applications, some challenges remain, such as nonuniform cell permeability, variable target site accessibility, poor sensitivity if the rRNA content of target cells is low (2, 31) , and background fluorescence derived from autofluorescence of samples, insufficient washing, or unspecific binding of probes to compounds present in samples that cannot be removed by washing. Here we address several of these challenges by using DNA and peptide nucleic acid (PNA) molecular beacons (MBs).
An MB is a single-stranded oligonucleotide that fluoresces only upon hybridization to its target nucleic acid (32, 33) . A DNA MB consists of a probe sequence flanked by two complementary sequences, which allow formation of a stem-loop structure when the MB is free in solution. A reporter fluorophore is attached to one end, and a quencher at the other end quenches the fluorescence when both ends are in close proximity in the absence of target nucleic acids. The fluorophore provides a signal when the MB hybridizes to a target sequence and opens its stem. Therefore, they can be used to detect specific DNA or RNA sequences in an aqueous solution without the prerequisite of immobilizing either the target nucleic acid or the probe as in traditional hybridization assays or in DNA microarrays. In addition, the wash steps that typically are needed posthybridization to remove unbound probes can be eliminated.
DNA MBs have been used since 1996 primarily for the detection of DNA, e.g., in real-time PCR monitoring and detection of single nucleotide polymorphisms and for the monitoring of mRNA (http://www.molecular-beacons.org). Attempts have been made to use DNA MBs to detect rRNA ( PNA is a DNA analogue with a polyamide backbone instead of a sugar phosphate backbone (6) . Due to the neutral backbone of PNA, PNA probes have hybridization characteristics, such as faster hybridization kinetics, that are superior to those of DNA probes. In addition, PNA probes can hybridize to targets at a very low salt concentration (20, 27) . These properties should make PNA probes ideal for detection of rRNA, since rRNA molecules exhibit extensive secondary structures and since the secondary structures of rRNA targets and oligonucleotide probes greatly impact hybridization kinetics (16) . Most of the secondary structure disappears when rRNA is denatured and immobilized on solid supports. However, when rRNA is used as the target in solution-based hybridizations, the secondary structure is retained. Since very low salt concentrations promote denaturation of rRNA, PNA MBs should help overcome some of the difficulties associated with solutionbased hybridizations targeting rRNA (35) . Furthermore, using PNA MBs in whole-cell hybridization assays should help address some of the challenges associated with FISH discussed above. Recently, fluorescently labeled PNA probes but not PNA MBs have been used for the detection of bacterial cells in a number of applications (21, 26, 28, 29) . The use of PNA MBs to detect DNA in solution (PCR amplicons) was introduced in 1998 (19) .
In this study, we used DNA and PNA MBs to detect and quantify rRNA in solution and in whole cells and demonstrated the applicability of PNA MBs in quantitative FISH for studying rRNA degradation.
Quantification of rRNA extracted from Escherichia coli by using DNA and PNA MBs. One of the DNA MBs used in this study, S-D-Bact-0338-a-A-(6ϩ)18(ϩ1) (Hristova et al., Abstr. 100th Gen. Meet. Am. Soc. Microbiol.) (referred to as DNA MB Bact0338 hereafter), is a modification of a commonly used oligonucleotide probe specific for the bacterial domain, S-DBact-0338-a-A-18 (1) (5Ј-GCTGCCTCCCGTAGGAGT-3Ј). The modification consists in the addition of a sequence of nucleotides to the 5Ј end of the original probe, so that the added sequence is complementary to the 3Ј end of the probe and so that a stem-loop structure can be formed. To further stabilize the stem structure, one additional nucleotide was added to each end of the MB (Hristova et al., Abstr. 100th Gen. Meet. Am. Soc. Microbiol.). This MB was synthesized by Megabases, Inc. (Evanston, Ill.) with fluorescein as the fluorescent marker at the 5Ј end and DABCYL [4-(4-dimethylaminophenylazo)-benzoic acid] as the quencher at the 3Ј end (fluores-cein-5Ј-CATCCGCTGCCTCCCGTAGGAGTG-3Ј-DAB CYL; bacterial domain probe sequence is in bold).
The PNA MB used in this study (fluorescein-E-GCTGCCT CCCGTAGGA-K-K-DABCYL; hereafter referred to as PNA MB Bact0338) was designed following guidelines for PNA probes provided by the synthesizer (Applied Biosystems, Mountain View, Calif.). These rules include limitation of probe length to 18 nucleotides, limitation of purine content to 60%, and restriction of self-complementarity to 3 bp (http://www .appliedbiosystems.com/support/seqguide.cfm). This PNA MB, specific to Bacteria, was designed by simply eliminating two nucleotides at the 3Ј end of probe S-D-Bact-0338-a-A-18. Since PNA is very hydrophobic and folds on itself when in solution, there is no need for additional nucleotides to form a stem-loop structure, as required for DNA MBs. In addition to the hydrophobic properties of PNA, the opposite charges of glutamic acid (E) and lysine (K) at the ends of the PNA MB help assure that the fluorophore and quencher are in close proximity when PNA is in solution.
In a previous study, Hristova et al. (Hristova et al., Abstr. 100th Gen. Meet. Am. Soc. Microbiol.) optimized hybridization conditions for the detection of rRNA by using DNA MB Bact0338. Their optimized hybridization buffer consisted of a 10-mM phosphate buffer (pH 7.8), containing 900 mM NaCl, 1.3% polyethylene glycol, and 30% formamide (referred to as NaCl-polyethylene glycol hybridization buffer). This buffer was used in all subsequent experiments with the DNA MBs for the detection and quantification of rRNA in solution and in whole cells.
A hybridization buffer containing 25 mM Tris-HCl and 100 mM NaCl (modified from reference 20) was used for experiments with PNA MBs (referred to as Tris-HCl-NaCl hybridization buffer). In order to determine the optimal formamide concentration in the hybridization buffer for detecting rRNA by using PNA MB Bact0338, total RNA extracted from a pure culture of E. coli containing around 25 nM 16S rRNA was incubated in triplicate for 1 h at room temperature in a microtiter plate with 50 nM PNA MB Bact0338 in the Tris-HClNaCl hybridization buffer containing concentrations of formamide ranging from 0 to 50%. The fluorescence intensity of each reaction was measured with a SPECTRAmax GEMINI XS Microplate spectrofluorometer (Molecular Devices, Sunnyvale, Calif.). The highest fluorescence intensity was obtained at 40% formamide (Fig. 1) . Thus, for subsequent experiments with the PNA MB, the Tris-HCl-NaCl hybridization buffer amended with 40% formamide was used.
To detect and quantify rRNA in solution, different concentrations of total RNA extracted from a pure culture of E. coli were incubated in triplicate for 2 h at room temperature in a microtiter plate with 50 nM PNA and DNA Bact0338 MBs in their respective optimized hybridization buffers. The fluorescence intensity of each reaction was measured by using the microplate spectrofluorometer (Fig. 2) . The hybridization signal obtained with the DNA MB was above the background level only for the two highest E. coli 16S rRNA concentrations evaluated (12.5 and 25 nM). For the lower concentrations, the difference between hybridization and background intensities for different 16S rRNA concentrations was not obvious. In addition, the use of the DNA MB resulted in a higher background signal than the use of the PNA MB (data not shown).
In contrast, substantial differences between hybridization and background intensities for all 16S rRNA concentrations were observed for the PNA MB and hybridization signals increased in a linear fashion with 16S rRNA concentrations ranging from 0.39 to 25 nM (R 2 ϭ 0.9991). These results demonstrated that both DNA and PNA MBs can be used to detect rRNA in solution. However, for the hybridization conditions evaluated here, PNA MBs were much more useful for quantifying rRNA than were DNA MBs.
Detection of whole cells using DNA and PNA MBs. Pure cultures of E. coli and Methanosarcina acetivorans harvested during stationary phase were fixed with 4% paraformaldehyde for 2 h as described previously (22) . The fixed cells were hybridized overnight at room temperature with DNA MB Bact0338 and with a DNA MB specific to Archaea [TAMRA 5Ј-CGTGCTCCCCCGCCAATTCCTAGCACG-3Ј-DAB CYL, S-D-Arch-0915-a-A-(1ϩ)20(ϩ6); archaeal domain probe sequence is in bold (Hristova et al., Abstr. 100th Gen. Meet. Am. Soc. Microbiol.) (hereafter referred to as DNA MB Arch0915)]. The samples were then visualized by using fluorescence microscopy with appropriate filter sets. E. coli and M. acetivorans cells fluoresced (Fig. 3A and D, respectively) , indicating that DNA MBs hybridized to their target 16S rRNA molecules and opened their stem-loop structures. E. coli and M. acetivorans cells did not fluoresce when incubated with DNA MB Arch0915 (Fig. 3B ) and DNA MB Bact0338 (Fig.  3C) , respectively, suggesting the specificity of the two DNA MBs. In addition, bacterial cells (green) were distinguished from archaeal cells (yellow) in a mixed community obtained from a laboratory-scale upflow anaerobic sludge blanket (UASB) reactor (4a) (Fig. 3H) . However, the background fluorescence observed with this environmental sample was substantial. Fixed E. coli cells were hybridized overnight at room temperature with PNA MB Bact0338 (Fig. 3E and F) . The fluorescence intensities of 50 cells from images collected during this hybridization experiment and during the hybridiziation experiment with E. coli cells and the DNA and PNA Bact0338 MBs were quantified with program ImageJ (NIH Image [http: //rsb.info.nih.gov/ij/index.html]). The fluorescence intensities (mean plus or minus standard deviation) were 52.5 Ϯ 6.0 arbitrary units and 155.2 Ϯ 17.2 arbitrary units for hybridizations with DNA and PNA MBs, respectively. Thus, the use of the PNA MB resulted in a much higher hybridization response than the use of the DNA MB. To confirm this observation and to evaluate hybridization kinetics, we harvested E. coli cells in mid-log phase and performed hybridizations at 37°C for different incubation times between 5 min and 120 min for the PNA and DNA Bact0338 MBs in their respective optimized hybridization conditions. Hybridization mixtures were analyzed with an EPICS XL-MCL flow cytometer (Beckman Coulter, Inc., Miami, Fla.) (Fig. 4) . The hybridization signal obtained with the PNA MB increased sharply during the first 15 min of incubation and reached a maximum after 60 min, indicating very fast hybridization kinetics. In contrast, the DNA MB hybridization signal increased much more slowly. Furthermore, the signal-to-noise ratio obtained with the PNA MB was about 18 times higher than that for the DNA MB after 2 h of hybridization, confirming our qualitative visual observation ( Fig. 3A and E) and the results obtained for the quantification of rRNA in solution (Fig. 2) . This observation again indicated that PNA MBs are more suitable than DNA MBs for obtaining quantitative results when rRNA is the target.
PNA MB Bact0338 was used to hybridize a sample obtained from a laboratory-scale UASB reactor (4a). Bacterial cells exhibited bright fluorescence (Fig. 3G) , and by comparison of phase-contrast and fluorescence micrographs, bacterial cells were distinguished easily from archaeal cells in this complex microbial community (data not shown). The signal-to-noise ratio of this hybridization was much better than for the DNA MB hybridization of a similar sample (compare Fig. 3G and  H) . The higher signal-to-noise ratio may be due to a variety of reasons, including reduction of nonspecific binding of PNA MBs to environmental matrices, improved target accessibility of the PNA MB, and better cell permeability of the PNA MB.
Although the above results suggest that the PNA MB Bact0338 detects only target cells, they did not confirm its specificity in the presence of cells containing 16S rRNA with few mismatches. Therefore, we obtained cultures of Verrucomicrobium spinosum (DSM 4136) and Planctomyces limnophilus (DSM 3776), which have two (5Ј --A --------U ------3Ј) and three (5Ј --A --------U ---U --3Ј) mismatches with the Bact0338 target site, respectively (4). Cells of E. coli (perfect match with Bact0338 target site), V. spinosum, and P. limnophilus were harvested during stationary phase and were fixed with 4% paraformaldehyde for 2 h (22). The fixed cells were hybridized overnight at room temperature with 100 nM concentrations of DNA and PNA Bact0338 MBs in their corresponding hybridization buffers, containing different concentrations of formamide ranging from 0 to 70%. Each hybridization was performed in triplicate. Hybridization mixtures were analyzed with an EPICS XL-MCL flow cytometer as described above, and results for the PNA MB are plotted in Fig. 5 . Hybridization signals for E. coli cells were maximal when the concentration of formamide ranged between 20 and 40% and decreased slightly for higher formamide concentrations. Hybridization signals for V. spinosum and P. limnophilus cells reached their maximum for formamide concentrations between 10 and 20% and 0 and 10%, respectively, and decreased significantly for formamide concentrations above 20 and 10%, respectively. The maximum hybridization intensities obtained with the DNA MB were three to five times lower than for the corresponding signals with PNA MB, and the trends observed for PNA MB hybridization for different formamide concentrations described above were not obvious for DNA MB hybridization (data not shown). The results of this formamide and specificity study indicate that, at the appropriate stringency, PNA MBs can be used to specifically detect target cells, while DNA MBs lack specificity.
Our FISH results show that DNA and PNA MBs can be used successfully to detect rRNA in whole cells without a wash step. Furthermore, we demonstrated that FISH with PNA MBs is preferred because hybridization signals were obtained in a few minutes compared to several hours to overnight for DNA MBs and traditional FISH probes. In addition, the signal-tonoise ratio and the specificity were much better for PNA MBs than for DNA MBs.
Quantitative FISH for the study of degradation of rRNA with PNA MB. E. coli cells were harvested during stationary phase and were washed with phosphate-buffered saline (0.9% NaCl-10 mM sodium phosphate [pH 7.2]). The pellets were kept at room temperature, and two aliquots were collected each day for 7 days and fixed as described above. All aliquots were incubated overnight at room temperature with PNA and DNA Bact0338 MBs, each in their optimized hybridization buffers and in triplicate. The hybridization mixtures were analyzed with flow cytometry (Fig. 6) . The average fluorescence intensity of freshly harvested E. coli cells (day 0) incubated with the PNA MB was about three times higher than that of the signal obtained with the DNA MB. We did not determine why there was a smaller difference in signal between the PNA MB and DNA MB hybridization observed in this experiment (Fig. 6 ) than in the kinetic experiment described above (Fig. 4) . This difference may be due to lower levels of rRNA in cells harvested during stationary phase versus mid-log phase; i.e., an increase in cellular rRNA content may result in a nonproportional increase in hybridization response when PNA MBs are used in FISH due to the better target accessibility of PNA MBs.
The fluorescence intensity obtained with the PNA MB began to decrease for the sample fixed 4 days after harvesting, and a 30% drop in fluorescence intensity was observed for the sample fixed 7 days after harvesting (Fig. 6) . These results suggest that the cellular rRNA content of E. coli cells harvested in stationary phase starts to decrease 4 days after being deprived of nutrients and that at least 30% of the original rRNA is degraded after being deprived of nutrients for 7 days. The degradation rates for E. coli rRNA determined with traditional FISH (17, 24) were rather low and were in the same range as the degradation rate determined here by using FISH with PNA MBs and flow cytometry. Studies from the 1970s on E. coli RNA degradation showed that rRNA was more stable than mRNAs and that the degradation of E. coli rRNA started only after ribosomal monosomes were separated into their subunits (3, 13) . Recent studies have shown that the rRNA degradation rates for different microorganisms varied considerably (7, 8, 12, 14, 17, 24) . It should be noted that most past studies used methods to quantify isolated rRNA directly and thus provide information on the degradation of intact rRNA molecules. In contrast, the use of oligonucleotide probe hybridizations does not allow evaluation of degradation of intact rRNA molecules but only provides information about the degradation of the target site of the MBs used. The method for rRNA quantification presented here can be used to rapidly and accurately determine degradation rates for different target sites for various organisms. This information should help to determine when rRNA-based methods can be used to evaluate decreases in metabolic activity.
In this study, we successfully applied DNA and PNA MBs for the detection of rRNA in solution and in whole cells. The use of MBs allows the omission of wash steps, which makes it possible to detect and identify microbial cells in miniaturized systems, such as microfluidic devices (35) , for which it is difficult to apply wash steps when real-time detection is an objective. In addition, the omission of wash steps saves time during the total analysis. When quantification of rRNA concentrations in solution or of cellular rRNA levels is necessary, PNA MBs provide results superior to those of DNA MBs. In addition, hybridization kinetics and sensitivity were significantly better with PNA MBs. In FISH, the failure to detect target cells (false-negative results) or to obtain extremely weak fluorescence signals may be due to low cellular ribosome levels (18) , which is common for slowly growing populations in a wide range of environments (11, 34 
